ABSTRACT: It is still unknown whether glenoid inclination or lateral acromial roof extension is a more important determinant for development of rotator cuff tears (RCT) or osteoarthritis (OA) of the shoulder. It was the purpose of this study, to evaluate whether there is a potential predominance of one of these factors in pathogenesis of RCT or concentric OA. We analyzed 70 shoulders with advanced degenerative RCT and 54 shoulders with concentric OA undergoing primary shoulder arthroplasty (anatomical or reverse) using anteroposterior radiography and multiplanar computed tomography. The two groups were compared in relation to glenoid inclination, lateral acromion roof extension, acromial height, and critical shoulder angle (CSA). All measured parameters were highly significantly different between RCT and concentric OA (p < 0.001). Based on Cohen's d effect size, group differences were most distinct in lateral acromial roof extension (1.36 x-ray , 0.92 ct ) compared with acromial height (1.06 x-ray , 0.73 ct ) and glenoid inclination (0.60 x-ray , 0.61 ct ). However, no single factor showed an effect size which was as high as that of the CSA (1.63 x-ray ). Interestingly, a ratio of lateral acromion roof extension and acromial height could enhance the effect size (1.60 x-ray , 1.16 ct ) near to values of the CSA (1.63 x-ray ). In summary, lateral acromial roof extension has a greater influence in pathogenesis of degenerative RCT and concentric OA than acromial height or glenoid inclination. ß
The pathogenesis of rotator cuff tears (RCT) and osteoarthritis (OA) is still unknown, although similar genetic and environmental factors have been implicated in both conditions. [1] [2] [3] Interestingly, the two pathologies -at least in their early stages-are rarely seen together. 1 Therefore, different anatomical predispositions have been suspected to be linked with these two pathologies. Evidence for anatomical variants predisposing to either disease could only be demonstrated by the introduction of the Critical Shoulder Angle (CSA) in 2013 1 and the understanding of its biomechanical implications. [4] [5] [6] The CSA is a radiographic parameter and is measured in antero-posterior (A/P) radiographs as an angle between a line from the lower to the upper glenoid rim (glenoid plane) and a second line from the lower glenoid rim to the lateral edge of the acromion roof. 1 High angles (>35-38˚) was associated with RCT and biomechanical analyzation could show an increased joint instability. 1 Otherwise, low angles (<28-30) was associated with OA and biomechanical analyzation could show an increased glenohumeral joint reaction force. 1 The challenge consists now in the fact, that this angle is a combination of glenoid inclination, lateral acromial roof extension and acromial height. Because all three sub-parameters are linked, the hierarchy of relevance of the individual sub-parameters is very difficult-or even impossible-to prove! Particularly the measurement of lateral acromial roof extension and acromial height could be strongly distorted through the influence of glenoid inclination (Fig. 1) .
Today, arthroscopic reduction of the lateral acromial roof is already widely performed to reduce the radiological CSA towards "normal" values to prevent development of RCT [8] [9] [10] [11] [12] [13] Although first clinical results could show a lower recurrent rupture of repaired RCT, 12, 13 it is not clear whether it would be optimal to correct glenoid inclination, acromial height, or lateral acromial roof extension to reduce the overload of the rotator cuff. It is therefore of great interest to identify the primary influencing factor.
The purpose of this study was to search a potential predominance of either glenoid inclination, lateral acromion roof extension, or acromial height for distinguishing shoulders with degenerative RCT or concentric OA.
METHODS
We collected data of patients undergoing primary total shoulder arthroplasty (anatomical and reverse) because of advanced RCT or primary concentric OA from January 2006 until April 2017. During this period, 948 patients had prosthetic shoulder surgery. A total of 67 patients (70 shoulders) with degenerative RCT and 44 patients (54 shoulders) with concentric OA fulfilled all inclusion and exclusion criteria. Excluded were all secondary reasons for RCT or OA, destructions of the glenoid (Favard !E1), 14 or acromion (Hamada !3, 15 ) previous acromioplasty), shoulders with glenoid version !15˚and posterior/anterior subluxation of >65%/<35%. Detailed criteria are presented in Table 1 .
Statistical Explanation of Sub-Components
We disassembled all three sub-components of the CSA; glenoid inclination (˚), lateral acromial roof extension (mm) and acromial height (mm). For precise measurement, we used the "Merlin PACS Imagine Software" (Ph€ onix-PACS GmbH, Freiburg i. Br., Germany) with its multi plane reconstruction (MPR) function. Hereby, adjustment in all three dimensions (3D) was possible and each part of interest could be highlighted individually.
• Critical Shoulder Angle (CSA) ( x-ray ): Measured in A/P radiographs ( x-ray ) as described by Moor. 1 Angle between a •Destruction of the acromion (previous acromioplasty) •Destruction of the glenoid (Favard !E1)
•Massive destruction of glenoid •Secondary: Traumatic/fracture/malunion, osteonecrosis, infection, instability, rheumatoid, chondrocalcinosis, hemophilia
•Secondary: Traumatic/fracture/malunion, osteonecrosis , infection, instability, rheumatoid, chondrocalcinosis, hemophilia • Glenoid inclination ( x-ray / ct ): Measured as described as beta-angle by Maurer 17 in A/P radiographs ( x-ray ) ( Fig. 3a ) and in adjusted CT scans ( ct ) (Fig. 3d) . Angle between a line from the upper to the lower glenoid rim (glenoid plane, Fig. 2b ) and a second line set on the floor of the supraspinous fossa. In CT scan, the coronal A/P view was adjusted to the scapular plane (Fig. 2c) . The scapular plane was defined in sagittal CT scan, parallel to the scapular blade from the upper to the lower part of the blade.
• Lateral acromial roof extension ( x-ray / ct ): Measured as a distance (mm) perpendicular to the glenoid plane to the most lateral acromion edge in A/P radiographs ( x-ray ) (Fig. 3b) and adjusted axial CT scans ( ct ) (Fig. 3e) .
• Acromial height ( x-ray / ct ): Measured in A/P radiographs ( x-ray ) (Fig. 3c ) from the most inferior point of the glenoid to the undersurface of the acromial roof. In CT scans ( ct ) (Fig. 3f) , the acromial height was defined from the glenoid centre to the undersurface of the most anterior, middle (central), and most posterior lateral acromion roof extension. The central lateral acromion roof extension was defined as the middle point between the most anterior and the most posterior lateral acromion roof extension, parallel to the glenoid plane (Fig. 3f) .
Statistical Analysis
Associations between interval scaled variables were analyzed using ordinary least square (OLS) simple linear regressions. All models contained a constant and one explanatory factor. Predictive value of the model was described by R-squared. Differences between groups were analyzed using independent samples t-test. Effect sizes were described using Cohen's d. p-values below 0.05 were considered statistically significant. Statistical analysis was performed with SPSS (IBM Corp. IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY: IBM Corp.).
RESULTS
The two groups were similar in terms of age, height, weight, sex, and side. Demographic data are listed in Table 2. CSA, glenoid inclination, lateral acromial roof extension, and acromial height were all highly significant different between RCT and concentric OA (p < 0.001) ( Tables 3 and 4 Table 4 Analysis of the effect size (Cohen's d) can be interpreted as weak (value of 0.2-0.5), intermediate (0.5-0.8) or strong (>0.8) association. 18 The group difference was most distinct in lateral acromial roof extension (1.36 x-ray , 0.92 ct ) while being smaller in acromial height (1.06 x-ray , 0.73 ct ) and glenoid inclination (0.60 x-ray , 0.61 ct ). Acromial height in CT had the best effect size if measured centered to the acromial roof (0.73 ct ) and only weak if measured with regard to the posterior acromial edge (0.39 ct ). Strongest effect size could be found for the CSA in A/P radiographs (1.63 x-ray ). The ratio of lateral acromial roof extension/ acromial height increased the effect size in radiographs (from 1.36 x-ray and 1.06 x-ray to 1.60 x-ray ) and in CT (from 0.92 ct and 0.73 ct to 1.16 ct ). All values are listed in Table 3 .
DISCUSSION
High CSA and large lateral acromial roof extension, as well as low glenoid inclination and low acromial height, were more likely to be associated with RCT rather than concentric OA. With the effect size Cohen's d, we found a superiority of the lateral acromial roof extension in A/ P radiographs (1.36 x-ray ) and CT (0.92 ct ). While acromial height (1.06 x-ray , 0.73 ct ) also showed a strong effect size, glenoid inclination (0.60 x-ray , 0.61 ct ) was only of intermediate relevance.
Interestingly, none of the three sub-components achieved similarly good predictive results as the CSA alone (1.63 x-ray ). Only by creating a ratio between lateral acromial roof extension and acromial height, the effect size could be increased (1.36 x-ray and 1.06 xray to 1.6 x-ray ) to nearly as good values as with the CSA in A/P radiographs and CT (0.92 ct and 0.73 ct to 1.2 ct ). This means, that the negative impact of a large lateral acromial roof extension for the development of RCT could be increased by concomitant low acromial height. An arithmetic model could explain their relationship (Fig. 4) . If the acromial height was measured from the inferior glenoid rim (parallel to the glenoid plane) to the undersurface of the lateral border of the acromion, and the lateral acromial roof extension (perpendicular to the glenoid plane) to the lateral border of the acromion, their relation to the CSA would only differ by the tangent function of this ratio (Fig. 4) .
All values had a stronger effect size if measured in A/P radiography compared to the CT scan. We did not find a convincing explanation for this over-or underestimation. Acromial height was measured in CT scan from the glenoid center and not from the inferior glenoid rim to the undersurface of the acromial roof. Further, while in CT scan individual adjustment was possible at any time, measurement in A/P radiographs was influenced by the initial settings of the radiographer. But whether all these inaccuracy factors of A/P radiographs should increase the effect size, is strange, and seems illogical.
But a similar phenomenon was observed already by Spiegl. 19 The CSA showed a higher correlation in A/P radiographs compared to MRI scans.
There are several limitations. We do not have a "normal" control group. Therefore, we can only analyze the three sub-components according to RCT and OA. Two of the sub-components have absolute values. Particularly anatomical differences in scapula size between small and tall people or between woman and men may influence absolute values. These could be reduced by the fact that both groups do not differ according to gender, patient height, or weight.
Moor et al 1 found the CSA as the most valuable parameter for discriminating between RCT and OA compared with Acromion Index (AI) 2 and Lateral Acromion Angle (LAA). 16 The AI is a ratio between the distance from the glenoid plane to the lateral acromion edge and the distance from the glenoid plane to the lateral edge of the humeral head in A/P radiographs. Therefore, it is mostly influenced by the lateral extension of the acromial roof and humeral head. Otherwise, the LAA is measured as an angle between the glenoid plane and a fitting line at the undersurface of the acromion in A/P radiographs. 16 And in relation to the CSA, mostly influenced by glenoid inclination. Because they found an excellent correlation between CSA and AI (r ¼ 0.895; p < 0.001) and only moderate correlation for LAA (r ¼ À0.551; p < 0.001), they concluded that the lateral acromial roof extension represents a more relevant risk factor for rotator cuff disease than an upward tilt of the glenoid fossa. But it is unknown whether the LAA is a reliable value to determine glenoid inclination or only to measure an upward or downward tilt of the acromial roof itself. Otherwise, in 2015, Daggettet et al 7 found a high correlation between glenoid inclination, measured with the beta-angle of Maurer 17 and the CSA (r ¼ 0.743; ACROMIAL COVERAGE DETERMINES THE CRITICAL SHOULDER ANGLE 209 p < 0.001) in patients with RCT and OA. Therefore, they concluded that glenoid inclination could be the main influencing factor and increased or decreased lateral acromial roof extension would be changed by up-ward or down-ward tilt of the glenoid plane (Fig. 1) .
Compared to these studies above, we examined glenoid inclination, lateral acromial roof extension, and acromial height. And according to the effect size, lateral acromial roof extension seems to be the strongest influencing factor for distinction between RCT and OA. There is a great interest to change the radiological CSA towards to "normal" values and thereby reducing an overload of the rotator cuff. Although it has not yet been clarified which sub-component (glenoid inclination, lateral acromial roof extension, acromial height) has the greatest impact, arthroscopic lateral acromioplasty is already performed. [8] [9] [10] [11] [12] [13] Our data could support lateral acromioplasty. But nevertheless, an assessment about the effectiveness and necessity of lateral acromioplasty cannot be investigated by this study. Further investigations are needed.
CONCLUSION
Glenoid inclination, lateral acromial roof extension, and acromial height are significantly different between RCT and concentric OA (p < 0.001). Of all three sub-components, lateral acromial roof extension was superior and glenoid inclination had weakest effect size in Cohen's d test for distinction between RCT and concentric OA. However, none of the three sub-components had an effect size as strong as the CSA. Interestingly, the ratio of lateral acromial roof extension and acromial height could improve the effect size to nearly equal good values as with the CSA alone. Measurement in A/P radiographs showed better effect sizes than in adjusted CT.
This study supports the possibility of lateral acromioplasty for influencing of the most relevant single sub-component of CSA. Nevertheless, an assessment about the effectiveness and necessity of lateral acromioplasty could not be done with this data. Further clinical and biomechanical investigations are needed.
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